Introduction {#Sec1}
============

Dengue fever is a systemic viral infection transmitted to humans by various types of mosquito, such as the *Aedes aegypti*. After infection, the symptoms typically appear after an incubation period of 3 to 7 days (Simmons et al. [@CR30]). In the initial febrile phase, the patients suffer from high temperature (≥38.5 °C), headaches, vomiting, myalgia, and joint pain, often accompanied by a transient macular rash. This phase lasts for 3 to 7 days, after which most patients recover without any complications (Simmons et al. [@CR30]). However, in a small number of cases, the condition of the patient deteriorates and dengue hemorrhagic fever could develop. This condition could be fatal without proper medical care. In December 2015, the first dengue vaccine was licensed; however, currently, it is not available widely and treatment therefore remains supportive (Pitisuttithum and Bouckenooghe [@CR27]; World Health Organization [@CR40]).

At present, the dengue virus is found across the tropical and sub-tropical latitudes (Simmons et al. [@CR30]), and the annual rate of infection is estimated at 390 million (95% credible interval 284--528), of which 96 million (95% credible interval 67--136) of those infected develop symptoms at different levels of severity (Bhatt et al. [@CR4]). The increase in the incidence of dengue fever has been ascribed to the changing human ecology, demography, and globalization, and probably climate change (World Health Organization [@CR41]). For example, for the first time in metropolitan France, two cases of autochthonous dengue fever were diagnosed in September 2010 (La Ruche et al. [@CR17]). Furthermore, after 70 years with no confirmed autochthonous cases of dengue fever in Japan, 19 cases were reported in Tokyo during August and September 2014 (Kutsuna et al. [@CR16]). It has been predicted that climate change would contribute to an expansion at the fringes of the current distribution of dengue fever, with 4.39 billion people being at risk of contracting the disease by 2030 (Hales et al. [@CR11]).

The mortality rate resulting from the disease can be reduced to almost zero by implementing timely and appropriate clinical management (World Health Organization [@CR41]). For example, Suaya et al. ([@CR32]) conducted a survey of 1695 patients, with no fatalities occurring.

Although dengue fever is normally not a critical illness, the more severe cases of infection do need a specialized treatment. On average, ambulatory and hospitalized patients lose 6.6 and 9.9 days of work, respectively. Absence from work often results in economic losses (Suaya et al. [@CR32]), and the estimated total annual cost (i.e., direct and indirect medical costs) associated with the disease amounted to US\$2.1 billion in the Americas for the period 2000--2007 (Shepard et al. [@CR29]). It has been calculated that these costs were mostly related to productivity losses induced by non-fatal dengue fever cases, whereas the deaths resulting from the disease accounted for only a small proportion (2.6%) of the total costs (Shepard et al. [@CR29]). Such productivity losses appeared as stagnation of the production activities and increased production costs.

As industries are often interlinked locally and internationally, a mishap occurring in one industry could easily affect the other industries. For example, the floods suffered in Thailand in 2011 damaged not only the Thai economy but also that of other Asian countries (Haraguchi and Lall [@CR12]). Furthermore, the progress of climate change is expected to have a detrimental effect on industrial activities. In view of the above, a consideration of the future risks to the supply chain and the introduction of countermeasures to sustain industrial activities are required.

Life cycle assessment (LCA) (ISO [@CR15]) has been employed to assess the environmental effects throughout the product supply chain. This method enables the quantification of environmental effects such as carbon dioxide (CO~2~) emissions and the consumption of resources. A number of databases have been developed to support LCA, e.g., ecoinvent (Wernet et al. [@CR36]) and GaBi (think step [@CR33]). In addition, multi-regional input-output tables (MRIOs) such as EXIOBASE (Wood et al. [@CR39]) and EORA (Lenzen et al. [@CR18]) have been developed to assess the environmental effects of the international supply chain of industrial activities.

The quantification of the consumption of scarce resources by the supply chain (Wiedmann et al. [@CR38]) has indicated that the resource supply could be at risk. Nakatani et al. ([@CR24]) assessed the risk of water shortages, whereas Norris et al. ([@CR25]) employed input-output tables to assess the social risks associated with supply chains. Nakano ([@CR22]) extended the LCA method to evaluate the effects of environmental change on the product supply chain, and evaluated the effects of climate change on the international supply chain of Japan (Nakano [@CR23]). Santos et al. ([@CR28]) analyzed the economic losses and inoperability that could result from an influenza epidemic by employing the input-output tables of the United States (USA). Industries and governments have limited capacity to introduce adaptive actions to risks, and such studies support the introduction of efficient countermeasures by identifying the weak points in the system.

However, no studies evaluating the effects of infectious diseases on all industrial activities through the international supply chain have been conducted before, to my knowledge. To establish an effective adaptive plan, improved understanding is needed of the effects of climate change on humans (Ebi et al. [@CR7]). Therefore, this study aims to propose a method to evaluate the effects of an infectious disease on industrial activities by utilizing a method that indicates the priorities for considering countermeasures. The study focused on the dengue virus because predictions indicate an increasing risk of infection owing to climate change and the vaccine not being available widely.

Material and methods {#Sec2}
====================

Widespread infection of workers and/or their families by a virus such as dengue and the consequent absences from work would result in inevitable productivity losses. Moreover, it is clear that labor-intensive industries are relatively more at risk to such losses. In addition, geographical aspects have to be considered, as the virus-bearing mosquitos favor areas that have high temperatures and water available. Furthermore, socioeconomic aspects are important, as developed countries have a greater capacity to provide appropriate treatment smoothly. Therefore, the labor intensity of an industry and the geographical and socioeconomic aspects should be taken into account to identify regions where the risk of dengue virus infection is high. The Intergovernmental Panel on Climate Change (IPCC) has indicated that risk results from the interaction of hazard, vulnerability, and exposure (IPCC [@CR14]). The life cycle assessment framework for adaptive planning (LCA-AP) to climate change adopted this concept and is able to evaluate the potential climatic effects on industries throughout the supply chain (Nakano [@CR22]). This method quantifies inputs (e.g., water and workforce) to industrial activities that could be affected by climatic factors. Such inventory analysis results indicate the risk of exposure to the infection (Nakano [@CR22]). In LCA-AP, the inventory analysis results are adjusted by accounting for the geographical aspect (hazard) and the socioeconomic aspect (vulnerability). Furthermore, LCA-AP is able to utilize the well-established LCA database. LCA-AP was therefore used in this study to evaluate the risk to the industry of dengue infection through the international supply chain. The potential effects of dengue infection were calculated by multiplying the inventory analysis result and a factor accounting for the country-specific climate hazard, as well as the socioeconomic vulnerability characteristics, as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{CI}=\sum \left(\mathrm{Exp}\bullet f\left(\mathrm{Haz},\kern0.5em  Vul\right)\right) $$\end{document}$$

where CI is the category indicator (potential impact from dengue), Exp is the inventory analysis result (expressing exposure), Haz is the hazard of dengue, and Vul is the vulnerability.

Figure [1](#Fig1){ref-type="fig"} shows the assessment procedure. The population at risk of dengue per value of production of each industrial sector (direct effect) was calculated from the portion of the population at risk of dengue infection in 2030 owing to climate and socioeconomic change, and the number of workers per value of production of each industrial sector. To quantify the indirect effect (upstream part of the supply chain), the MRIO was used, which expresses international trade among the industrial sectors of each country. Data below explains the detail of the assessment method.Fig. 1Assessment procedure to calculate the future risk of dengue infection to industry through the global supply chain

Population at risk of dengue infection in 2030 {#Sec3}
----------------------------------------------

Various methods have been proposed to predict the distribution of the risk of dengue infection in the future (Messina et al. [@CR20]). In such calculations, the environmental change induced by climatic change, as well as other factors, such as socioeconomic change, have to be considered (Messina et al. [@CR20]). Hales et al. ([@CR11]) estimated the population at risk of dengue infection in 2030 by taking into account the future climate, population, and the gross domestic product (GDP) of each country and region. The GDP was used to evaluate the vulnerability of each country and region (Hales et al. [@CR11]), with the study utilizing the data from these countries and regions. In the current study, the estimated population at risk of dengue of each country and region in 2030 was divided by the predicted population in 2030 (United Nations [@CR34]) to quantify the population at risk of dengue infection per person. The percentage of the population at risk of dengue infection relevant to climate and socioeconomic changes in 2030 (Table [1](#Tab1){ref-type="table"}) was used as *f*(Haz, Vul) in Eq. ([1](#Equ1){ref-type=""}). It was predicted that more than 90% of the population in Southeast Asia and Latin America (tropical) would be at risk by 2030. In addition, a relatively high risk was indicated for South Asia, the Caribbean, and Central Sub-Saharan Africa. On the other hand, no risk was indicated for Europe, whereas the high-income countries in Asia Pacific and North America had a small risk.Table 1Percentage of population at risk of dengue infection in 2030 relevant to climate and socioeconomic changesRegionPercentageAsia Pacific, high income0.35Asia, central0.22Asia, east26.5Asia, south73.2Asia, southeast91.6Australasia0.03Caribbean83.4Europe, central0.00Europe, eastern0.00Europe, western0.00Latin America, Andean22.9Latin America, central56.6Latin America, southern5.8Latin America, tropical98.9North America, high income0.01North Africa/Middle East0.87Oceania54.1Sub-Saharan Africa, central73.5Sub-Saharan Africa, eastern57.8Sub-Saharan Africa, southern14.3Sub-Saharan Africa, western61.1

Number of workers in each industrial sector {#Sec4}
-------------------------------------------

Input-output tables statistically express trade among all the industrial sectors in monetary value. Analysis employing input-output tables is able to determine the environmental and wider sustainability effects of traded goods and services (Hendrickson et al. [@CR13]; Wiedmann et al. [@CR37]). For example, the USA input-output tables were used to analyze the economic losses and inoperability caused by the 2009 H1N1 pandemic in the National Capital region of the USA (Santos et al. [@CR28]).

MRIOs, such as EXIOBASE (Wood et al. [@CR39]), EORA (Lenzen et al. [@CR18]), and the Global Trade Analysis Project (GTAP) (Aguiar et al. [@CR1]) have been developed to analyze the international supply chain. These MRIOs can quantify the monetary data, greenhouse gas emissions, and the labor force of each industrial sector in each country and region. In particular, the focus of EXIOBASE (Wood et al. [@CR39]) is on environmentally relevant activities and the detail modeling of the industrial sectors that have more pronounced effects on the environment. In addition, EORA has also been used for environmental analysis. The quality of EORA is comparable with that of EXIOBASE (Geschke et al. [@CR9]). In this study, EXIOBASE version 2.2.2 (Wood et al. [@CR39]) was adopted, comprising a matrix of 163 industrial sectors in 48 countries and regions.

To quantify the involvement of workers throughout the supply chain (Exp), the following equation was used:$$\documentclass[12pt]{minimal}
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where *w* ~d~ is a diagonal matrix of direct workforce input (person/million Euro (person/m EUR)), *I* is an identity matrix (dimensionless), *A* is a technical coefficient matrix (dimensionless), *k′* is a column vector expressing the final demand (m EUR), and (*I* − *A*) is known as the Leontief inverse matrix (Miller and Blair [@CR21]). The Leontief inverse matrix of EXIOBASE, (*I* − *A*)^*−*1^, is a square matrix of 7824 × 7824. To analyze the potential effect of each industry in each country per one monetary unit (1 m EUR), the *k′* of the target industry in the target country was set to 1 m EUR and the others were set to 0.

Impact assessment method {#Sec5}
------------------------

To assess the magnitude of the risk of dengue infection for one industry, the portion of workers at risk of contracting dengue infection (*r* ~impact~) was calculated by Eq. ([3](#Equ3){ref-type=""}), as follows:$$\documentclass[12pt]{minimal}
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where CI is the category indicator (number of workers at risk/m EUR) and Exp is the inventory analysis result (number of workers/m EUR). An industry for which a higher *r* ~impact~ is indicated has a higher potential risk relevant to the workers and the supply chain of the industry. Such industries would be advised to establish countermeasures to dengue infection to safeguard their industry and supply chain.

In addition, to clarify the dengue risk distribution in a supply chain, a portion of indirect influence (upper part of the supply chain) (*r* ~indirect~) is calculated by Eq. ([4](#Equ4){ref-type=""}):$$\documentclass[12pt]{minimal}
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where CI~indirect~ is the category indicator of the upstream part of the supply chain (number of workers at risk of contracting dengue fever/m EUR). An industry indicating higher *r* ~indirect~ has a higher potential risk relevant to the workers in their upstream side of the supply chain. Such an industry would be advised to establish relevant countermeasures to the risk beyond the border of the organization and/or the national border.

Selection of major countries and industrial sectors {#Sec6}
---------------------------------------------------

The granularity of EXIOBASE is 163 industries for 48 countries, enabling the calculation of exceptionally large results. The study intended to clarify major impacts of production losses to global economy due to disabled workforce; therefore, the focus was on the major industries in major countries. Major countries, USA, China, Japan, Germany, India, and Brazil, were selected by descending Gross Domestic Product (GDP) values. The UK, France, and Italy have larger GDPs than Brazil; however, these countries were excluded based on the similarity of their geographical and socioeconomical characteristics to Germany. The selection of industry was based on the characteristics of industries such as classification of the industrial sector, economic scale, and labor intensity. From the primary sector of the economy, the fish product sector was selected for their highest labor intensity (Wood et al. [@CR39]).

From the primary and the tertiary sectors of economy, industries with higher labor intensities (fish products and hotels and restaurants) were selected. From the second sector of economy, industries with high supply values were selected from each segment (such as raw material).

Therefore, the major industries analyzed in this study include food products, fish products, textiles, plastics, chemicals, iron and steel, motor vehicles, construction, and hotels and restaurants. Note that this study followed the exact definitions for each industrial sector name and boundary, as defined in EXIOBASE (Wood et al. [@CR39]).

Results and discussion {#Sec7}
======================

Proportion of workers at risk of contracting dengue infection {#Sec8}
-------------------------------------------------------------

Table [2](#Tab2){ref-type="table"} shows the portion of workers at risk of contracting dengue infection in the supply chain (*r* ~impact~) of the countries and industrial sectors included in the analysis. As indicated by the table, more than 70% of the workers in all the major industries in India and Brazil would be at risk in 2030. In the USA, 63% of workers in the fish product sector would be at risk, whereas in China, Japan, and Germany, the risk would be less than 50% for the workers in the major industries. However, more than 30% of the workers in the supply chain of the basic plastic and chemical industries in these countries would be at risk. Moreover, more than 10% of the workers in all the major industries in all major countries would be at risk of contracting the virus; therefore, the activities of all the major industries could potentially be affected by the consequences of dengue virus infection.Table 2Proportion of workers at risk of contracting dengue virus infection in major countries and industrial sectorsEconomic sectorIndustryUSA (%)China (%)Japan (%)Germany (%)India (%)Brazil (%)PrimaryFish products632942417397Secondary FoodFood products302726447393 MaterialTextiles283625407389Plastics323437387180Chemicals283437317185Iron and steel203024297188 ManufacturingMotor vehicles232820237286 OtherConstruction122813157296TertiaryHotels and restaurants162818197397

Proportion of indirect effects of dengue infection {#Sec9}
--------------------------------------------------

The portion of indirect effects (*r* ~indirect~) was calculated for the major industries in the major countries (Table [3](#Tab3){ref-type="table"}). The calculations indicated that 0% of the population would be at risk of contracting dengue fever in Germany in 2030 (Hales et al. [@CR11]); therefore, the risk indicated in all the major industrial sectors in Germany would be induced by indirect effects. Parts of the USA and Japan were classified as regions at risk of dengue infection; therefore, slight direct effects were observed for these countries. In contrast, the direct effects were significant in China, India, and Brazil. In particular, in the construction sector in India and Brazil, the textile sector, and the hotel and restaurant sector in Brazil, more than half of the effects were induced by local industrial activities. However, in all the industries, indirect effects should not be ignored.Table 3Proportion of indirect effects of dengue fever risk on major countries and industrial sectorsUSA (%)China (%)Japan (%)Germany (%)India (%)Brazil (%)Fish products\>9996\>991009596Food products\>9989\>991008988Textiles\>9987\>991005649Plastics\>9989\>991008382Chemicals\>9990\>991008273Iron and steel\>9971\>991007478Motor vehicles\>9963\>991007676Construction\>9962991004329Hotels and restaurants\>9971991007535

Scale of production value and dengue fever risk {#Sec10}
-----------------------------------------------

The relation between the production value (billion Euro (b EUR)/year) and the effect (number of workers at risk of contracting dengue fever (person/m EUR)) is illustrated in Fig. [2](#Fig2){ref-type="fig"}. An industrial sector located in the upper right side of the graph has higher production value and a large number of workers at risk of contracting dengue fever; therefore, this industry would be specifically advised to introduce countermeasures to manage the effects of the disease. Note that the scales of the vertical and horizontal axes of Fig. [2](#Fig2){ref-type="fig"} are different among the countries to express the economic size and the effects relevant to each country.Fig. 2Relation between number of workers at risk of contracting dengue fever and production value per country

An extremely significant effect (342 person/m EUR) was indicated for the fish product sector in the USA. Similarly, significant effects were indicated for the fish product sector in the other countries, whereas the production values of this sector were small. In China, the textile, food product, and hotel and restaurant sectors showed relatively higher production values and effects. In Japan, the motor vehicle sector had the largest production value, whereas the effect was small. In Germany, the plastic sector showed a relatively higher production value and effect. However, the scale of the vertical axes of the graphs for both Germany and Japan was smaller by 1 digit in comparison with the other countries. No major industrial sectors in Japan or Germany were located in the upper right side of the graphs; therefore, no critical sectors were identified in either of these countries.

In Brazil and India, the construction sector showed relatively higher production values and effects. Most of the effects were induced by the local construction industries (Table [3](#Tab3){ref-type="table"}) and, as this industry is labor intensive, appropriate countermeasures would have to be introduced in these two countries. The major emerging countries, such as China, Brazil, and India showed significant effects relevant to the food product and hotel and restaurant sectors, whereas the production values were not significant (Table [4](#Tab4){ref-type="table"}).Table 4Major contributing industry to the risk of dengue infection in workers in the supply chainIndustry sector and countryDirect impact (%)Major contributing industry in supply chain as an indirect impactLabor intensity of major contributing industry (workers/m EUR)^a^(a) Fish product sector in the USA\<1Fish in Asia-Pacific countries2841(b) Textiles in China13Plant-based fibers in Asia-Pacific countries762(c) Food products in China11Vegetables in China530(d) Hotels and restaurants in Japan1Fish in Asia-Pacific countries2841(e) Motor vehicles in Germany0None--(f) Plastics in Germany0None--(g) Iron and steel in India26Iron and steel in India43(h) Construction in India57Construction in India223(i) Chemicals in Brazil27Chemicals in Brazil29^a^Adopted from Wood et al. ([@CR39])

The effects indicated for India (person/m EUR) were relatively more significant for the major industries of the country in comparison with those of the other countries. This result is ascribed to India being located in Southeast Asia, which is more at risk of dengue fever infection, and to the labor intensity of the country being higher than in the developed countries. Therefore, industries located in the bottom area in Fig. [2](#Fig2){ref-type="fig"} (e.g., the chemical, motor vehicle, and steel industries) would be advised to consider improving their health care systems to counteract the effects of dengue fever infection.

Analysis of supply chains {#Sec11}
-------------------------

In order to study the countermeasures for dengue fever infection in practice, an activity that has a greater effect in the supply chain has to be identified. Therefore, the supply chains of nine major industrial sectors were analyzed for which relatively higher effects and production values had been indicated (Fig. [3](#Fig3){ref-type="fig"}).Fish product sector in the USA Fig. 3Proportions of estimated dengue fever risk through supply chain to major industry sectors in 2030

The induced effects in the USA were found insignificant (less than 1%), whereas the effects of imports from Asia-Pacific and African countries were significant. The fish product sector in the USA purchased fish amounting to 474 m EUR locally, 825 m EUR from South American countries,[1](#Fn1){ref-type="fn"} 692 m EUR from Asia-Pacific countries,[2](#Fn2){ref-type="fn"} and 269 m EUR from African countries[3](#Fn3){ref-type="fn"} (Wood et al. [@CR39]). These exporting countries have a higher percentage of population at risk of contracting dengue fever (Table [1](#Tab1){ref-type="table"}). Furthermore, the labor intensity of the fishing sector in the USA is 8.6 workers/m EUR, whereas it is 2841 workers/m EUR in the Asia-Pacific countries, and 444 workers/m EUR in the African countries (Wood et al. [@CR39]). The risk in the Asia-Pacific and African countries was significant, with 63% of workers classified as being at risk of contracting dengue fever (Table [2](#Tab2){ref-type="table"}). In view of these findings, it would be advisable for the fish product industry in the USA to promote risk management in their international supply chain.(b)Textiles in China

The textile sector in China (direct effect) contributed 13% of the effect, with 56% of the effects being induced locally in the country. The plant-based fiber sector accounted for 38% of the effects, namely, 10% in China, 15% in African countries, and 13% in Asia-Pacific countries. The plant-based fiber sector provides the main materials to the textile sector, such as cotton (*Gossypium* spp) and jute (*Corchorus capsularis*). The textile sector in China purchases 20,532 m EUR from the chemical sector and 8497 m EUR from the local plant-based fiber sector in China in 2007 (Wood et al. [@CR39]). The purchase amount of the chemical sector exceeded that of the plant-based fiber sector; however, the labor intensity of the chemical sector (14.7 workers/m EUR) was much lower than was that of the plant-based fiber sector (762 workers/m EUR) (Wood et al. [@CR39]), and the plant-based fiber sector was therefore identified as a significant sector. As the textile sector is labor intensive, it is important to strengthen the risk management in this sector. Moreover, the plant-based fiber sector provides materials (e.g., cotton) to the textile sector; consequently, there is a need to reinforce the risk management for dengue fever infection.(c)Food products in China

Most of the effects (94%) were induced in China. The food product sector (direct effect) contributed 11% of the total, whereas the effects of indirect activities, such as the vegetable sector (17%), the cereal grain sector (13%), the wheat sector (12%), and the paddy rice sector (11%), contributed more than 50%. The economic scale of the food product sector in China is large (225 b EUR) (Wood et al. [@CR39]), and the proportion of workers in the supply chain at risk of contracting dengue fever is significant (27%, as shown in Table [2](#Tab2){ref-type="table"}); therefore, it is important to consider appropriate countermeasures to dengue fever infection.(d)Hotels and restaurants in Japan

Although the direct effect was not actually 0%, as the risk of dengue fever infection does exist in Japan, most of the indicated effects were induced abroad. Food imports from the Asia-Pacific countries had significant effects, namely, 23% from the fish product sector and 10% from the vegetable sector. The hotel and restaurant sector in Japan purchased 8252 m EUR from the local food product sector, 7750 m EUR from the local beverage sector, and 1041 m EUR from the fish product sector in the Asia-Pacific countries (Wood et al. [@CR39]). Although the value of the products purchased from the Asia-Pacific countries was smaller than was that of the local purchases, there was significant risk (18%) of the Asia-Pacific workers in the supply chain contracting the dengue virus (Table [2](#Tab2){ref-type="table"}). Japan imports various foods from Asian countries, such as shrimp (e.g., *Penaeus indicus*) from Southeast Asia, and appropriate risk management relevant to these foods would have to be considered.(e)Motor vehicles in Germany

No workers in Germany were predicted at risk of contracting dengue fever, the domestic effects were zero, and all the effects indicated were induced in Asia, Africa, and other countries. A number of sectors, such as the vegetable sector in Asia-Pacific countries (2%) and the crop sector in the African countries (2%) contributed to the effects. No significant industry contributed to the result.

As regards the direct transactional value relevant to the motor vehicle sector in Germany, the value of the fabricated metal product sector in Germany was 12,424 m EUR and that of the rubber and plastic product sector was 7606 m EUR. In contrast, the value of both the vegetable sector in the Asia-Pacific countries and the crop sector in the African countries was less than 1 m EUR (Wood et al. [@CR39]). The supply chain of the motor vehicle sector is complex and includes agricultural activities. For example, vegetable oil is a raw material of chemicals, such as surfactants, and the starch produced by the crop sector is a component of the surface-sizing agents used in the paper manufacturing process. The motor vehicle sector in Germany purchased 147 m EUR from the paper and paper product sector (Wood et al. [@CR39]). The absolute amount of these agricultural inputs to the motor vehicle sector is small; however, these agricultural industries indicated relatively higher impacts. Significantly, 23% of the workers in the supply chain were classified at risk of contracting dengue fever (Table [2](#Tab2){ref-type="table"}). Therefore, the motor vehicle sector in Germany would be advised to analyze the components for which agricultural products from Asia and Africa are used in order to have appropriate contingency measures in place.(f)Plastics in Germany

Similar to the motor vehicle sector, no effects were predicted for the plastic industry in Germany. Relevant to the international supply chain, no sectors showed a clear and significant contribution to the result; however, the wholesale sector (5%) and the vegetable sector in the Asia-Pacific countries (4%) were indicated in the result. Labor intensity in these countries is high, and 38% of workers in the supply chain were at risk of contracting dengue fever (Table [2](#Tab2){ref-type="table"}). Similar to the motor vehicle sector in Germany, it is recommended that the components be examined that use agricultural products from Asia and Africa.(g)Iron and steel in India

In India, 96% of the effects are derived locally, including the direct effect of the iron and steel industry (26%). The service sectors, such as the retail trade sector (16%) and the wholesale trade sector (5%) contributed to the result in the supply chain. In addition, the effects of raw material acquisition activities, relevant to the coal and lignite sector (10%) and the iron ore sector (2%), were detected in the result. As shown in Table [2](#Tab2){ref-type="table"}, 71% of workers were at risk of contracting dengue fever; therefore, proactive risk management is required in this sector and its supply chain.(h)Construction in India

Direct effects accounted for 57% of the effects in the construction sector in India. The construction sector is labor intensive (223 workers/m EUR) compared with other sectors in India, such as the plastic sector (30 workers/m EUR) and the paper sector (93 workers/m EUR) (Wood et al. [@CR39]). The sectors providing materials to the construction sector, such as the wood product sector (5%) and the forestry sector (3%) had significant effects on the supply chain. In addition, the service sectors, such as the retail trade sector (6%) and the land transport sector (3%) contributed to the result. The effects induced locally in India contributed 97% to the total effects indicated for the country. The production value of this sector is large (135 b EUR) (Wood et al. [@CR39]), and the effects per monetary unit are significant (297 workers/m EUR). Consequently, this sector should consider countermeasures to the consequences of dengue fever infection.(i)Chemicals in Brazil

The domestic effect accounted for 83% of the total, including a direct effect of 27%. In the supply chain, service sectors, such as the retail trade sector (8%) and the wholesale trade sector (6%), and agricultural sectors, such as the sugar cane sector (11%) and the forestry sector (2%), were indicated in the results. The chemical sector in Brazil purchased 2.8 b EUR from the local sugar cane and beet sector and 2.7 b EUR from the local naphtha sector (Wood et al. [@CR39]). Sugar cane has been used to produce ethanol as an alternative source of energy for motor vehicles in Brazil. The international supply chain contributed 17% to the effects; however, no significant effect was indicated from any sector in Brazil. However, the chemical sector would be advised to enhance risk management in their own sector and their supply chain, especially the sugar cane industry and the trade sectors.

Adaptation strategies for dengue virus infection in industry {#Sec12}
------------------------------------------------------------

This study indicated that the effects of dengue fever could influence other countries through the international supply chain. The dengue infection data in 2030 (Hales et al. [@CR11]) considered current-level countermeasures according to GDP. Therefore, the results indicated that further introduction of countermeasures are required to deduce the risk. The regions where dengue fever is not prevalent, such as the USA, Japan, and Germany, should consider appropriate countermeasures, as a percentage of workers involved in the supply chain of these countries have been classified as at risk of contracting the disease. In particular, industries that are reliant on labor (e.g., agriculture and the distribution industry) would have to consider adaptation measures carefully.

Worldwide, various adaptation actions have been introduced (Lesnikowski et al. [@CR19]). Bowen et al. ([@CR5]) suggested that reducing the health risks induced by climate change, cross-sectoral partnerships should be improved and influential organizations in the development of mitigation and adaptation measures should be identified. The downstream side of the supply chain has buying power, whereas the adaptive activities of the upstream side are influenced by the attitude of costumers (Berkhout et al. [@CR3]; Fleming et al. [@CR8]). Therefore, the downstream side of the supply chain, such as industries in the USA, Japan, and Germany, could contribute to promoting a health management system in industries at risk of dengue fever infection.

The Organization for Economic Co-operation and Development (OECD) Guidelines for Multinational Enterprises (OECD [@CR26]) recommend avoiding "the foreseeable environmental, health, and safety-related impacts associated with the processes, goods, and services of the enterprise over their full life cycle." For example, Ajinomoto incorporated company advises their suppliers to provide a regular healthcare management to their workers (Ajinomoto [@CR2]). These guidelines and activities could lead to support introduction of countermeasures to infectious disease to business partners and reduce business risk. However, a number of enterprises still do not implement such activities. Therefore, it is recommended that international initiatives, such as the United Nations Global Compact (United Nations [@CR35]), clearly advice companies to support introduction of worker's health management systems to their business partners. These activities reduce business risks (Godfrey et al. [@CR10]); therefore, I recommend that investors positively evaluate such risk management activities.

Limitation of the study {#Sec13}
-----------------------

A comprehensive and systematic framework is needed to study a policy option for the formulation of robust, pro-development climatic measures and effective health management (Chalabi and Kovats [@CR6]) in order to counteract the effects of widespread diseases. However, this study focused only on the risk of dengue fever infection, with other diseases (e.g., malaria) and disasters (e.g., extreme weather conditions) not being taken into account.

Furthermore, the results of this study include uncertainty. This is ascribed to the study having to model the predicted population at risk of dengue fever infection in 2030 on the actual industrial structure and international supply chain in 2007. The situation in 2007 was adopted because of the difficulty of predicting the future economic situation. However, as the textile industry has been relocating to a country where labor cost is lower, the industrial structure and the international supply chain have been changing. Therefore, the future economic situation has to be considered in order to increase the reliability of the study.

In this study, only the supply side was evaluated, although, typically, infectious diseases would affect the demand side as well. For example, the pandemic of severe acute respiratory syndrome (SARS) in Hong Kong, from November 2002 to August 2003, significantly affected local consumption and the travel industry (Siu and Wong [@CR31]). Therefore, future study would have to consider the effects of infectious diseases on the demand side as well.

Conclusions {#Sec14}
===========

The primary vector of dengue fever, the urban-adapted *A. aegypti* mosquito has been distributed across the tropical and sub-tropical latitudes (Simmons et al. [@CR30]), but the total area at risk of dengue infection has been expanding (Hales et al. [@CR11]). The study clarified the effects of dengue fever infection on various global industries by projections for 2030, taking into account the international supply chain. The results indicated that more than 10% of workers involved in the supply chain of all the major industries in the USA, China, Japan, and Germany would be at risk of contracting dengue fever by 2030, whereas more than 70% of the workers in India and Brazil would be at risk by that time. The effects of dengue fever could influence industrial activities in the regions at risk (e.g., India and Brazil) and in the other regions (e.g., USA, Japan, and Germany) through the supply chain. In particular, industries that are highly labor intensive (agriculture, fishery, and the distribution industry) would be advised to consider adequate adaptation measures. It is recommended that the downstream side of the supply chain, such as industries in the USA, Japan, and Germany, identify processes at risk of infectious disease in the supply chain where worker's health management systems should be introduced. This study indicated that implementation of such systems would reduce business risks and improve shareholder value (Godfrey et al. [@CR10]); therefore, I recommend that such interventions to upstream side of the supply chain be included in investment criteria. As the study focused only on the effects of dengue fever in 2030, with limited data being available, comprehensive analysis with data modeled for the future could increase the reliability of the results.

South American countries except Brazil and Mexico

Asia Pacific countries except Japan, China, South Korea, India, Taiwan, Indonesia, and Australia

African countries except South Africa
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